Objective: Low glycaemic index (GI) foods are known to minimize large fluctuations in blood glucose levels and have been suggested to increase fat oxidation. The objective of this study was to simultaneously investigate glucose excursion and substrate oxidation in a whole body calorimetre when Chinese male subjects were provided a low or high GI meal. Materials/Methods: In a randomized, controlled crossover non blind design, 12 healthy Chinese male adults (BMI 21.8 ± 1.3 kgm −2 ) attended two sessions consisting of either four low or high glycaemic meals (LGI vs HGI). Breakfast, lunch and snack were consumed in a whole body calorimetre while dinner was consumed at home. Daily changes in glycaemic response (GR) and postprandial GR responses were measured using a continuous glucose monitoring system. The GR was further calculated to obtain the incremental area under the curve (iAUC) for glucose concentrations. Glycaemic variability was calculated as mean amplitude of glycaemic excursion (MAGE). Substrate oxidation was calculated by measuring respiratory quotient and urine nitrogen excretion. Results: After LGI meals in the whole body calorimetre, iAUC for glucose (P = 0.008) was lower compared to the HGI session. The HGI treatment produced a significantly greater MAGE than the LGI treatment over the 24 hour period (P < 0.001). Additionally, higher fat oxidation and lower carbohydrate oxidation were observed following breakfast and lunch when comparing LGI to HGI (P < 0.05) Conclusions: Consumption of LGI meals was capable of attenuating 24-hour blood glucose profiles and decreasing postprandial glucose excursions in healthy Asian males. Additionally, LGI mixed meals were able to promote fat oxidation over carbohydrate oxidation when compared to HGI mixed meals. The consumption of low GI meals may be a strategic approach in improving overall glycaemia and increasing fat oxidation in Asians consuming a high carbohydrate diet.
Introduction
Asia has the unenviable reputation as being the epicentre for type 2 diabetes. The Asian phenotype has been shown to be more susceptible to diabetes than Caucasians [1, 2] . More significantly, the transition from prediabetes to diabetes is more dramatic and severe in Asians. Overweight and obesity are driving the global diabetes epidemic [3] . This is an important public health concern as these individuals are at greater risk of developing type 2 diabetes and impaired glucose tolerance. Larger fluctuations in blood glucose during postprandial periods trigger more oxidative stress and are also considered as a risk factor in the onset for type 2 diabetes and impaired glucose tolerance [4] .
There is good evidence to suggest that the consumption of low glycaemic index (GI) foods minimizes large fluctuations in blood glucose levels [5, 6] . This is especially significant in insulin resistant or diabetic people [7] . There is also increasing interest in the use of low GI foods in the management of obesity [8, 9] . Substrate oxidation is reflected by the respiratory quotient (RQ). A high fasting RQ corresponds to low fat oxidation and has been associated with higher prospective weight gain [10, 11] and fat storage [11] . Low GI (LGI) foods have been hypothesized to affect weight control by promoting satiety and fat oxidation at the expense of carbohydrate oxidation [12] . Low GI-carbohydrate (CHO) meals have been shown to be beneficial in reducing postprandial blood glucose and increasing fat oxidation during subsequent exercise in males [13] and females [14] . The results from previous studies indicated that the consumption of LGI foods maintains plasma glucose concentrations whilst favouring an increase in fat oxidation [13, 15, 16] . There is a significant shift in substrate utilization from CHO to fat when an LGI meal was ingested before exercise compared with a high GI (HGI) meal [16, 17] . These studies have assessed the effect of GI of a meal consumed before or after exercise on metabolic and biochemical parameters. No studies have been initiated to determine the effect of LGI and HGI foods on postprandial blood glucose fluctuations and energy metabolism measured simultaneously over a 10 hour period. The novelty of the study is that it demonstrates how a relatively small intervention to the daily diet could affect 24 h glucose levels and energy flux in Asians. Simultaneous measurements using the continuous glucose monitoring systems (CGMS™) and the whole body calorimetre (WBC) were carried out. The CGMS™ provided a detailed glucose profile of a person. Indirect calorimetry using the WBC provided data to enable us to compute substrate oxidation and how this is modulated when subjects are fed an LGI or an HGI diet.
Research design and methods
Fifteen healthy Chinese adults were recruited using a variety of methods which included flyers, online advertisements and personal communication. Volunteers who fulfilled all the inclusion criteria (male, age: 21-40 years; body mass index 17-25 kg/m 2 ; no metabolic diseases; not on prescription medication; not allergic/ intolerant to any of the test foods; does not intentionally restrict food intake; fasting blood glucose < 6 mmol/L) were accepted into the study. Baseline anthropometric and biochemistry data of the study participants are shown in Table 1 . Physical activity was quantified using the questionnaire by Baecke et al. [18] . Eating behaviour was quantified using a Dutch eating behaviour questionnaire by Van Strien et al. [19] .
The study was conducted at the Clinical Nutrition Research Centre (CNRC), Singapore. Ethical approval of all procedures involving human subjects was obtained from the National Healthcare Group Domain Specific Review Board (NHG DSRB). Research procedures and trial protocols were followed in accordance to the good clinical practice (GCP) guidelines and with the ethical standards in concordance to the Declaration of Helsinki, 1983. Written informed consent was obtained from all eligible participants before commencement. A crossover design of 11 participants would suffice in detecting a 15% change in area under the 24 h glucose curve, using a power of 85% and at a significance level of 0.05 [20, 21] .
Study design
The study had a randomized, controlled crossover non-blind design. Volunteers attended two test sessions separated by a washout period of at least five days. Each session spanned over three consecutive days, of which one complete 24 h period of glucose measure was captured with a continuous glucose monitoring system (CGMS) device on day 2. A food diary was given on day 1 to capture their own breakfast and lunch consumption, and a session log sheet to assess their physical activity for the rest of the day. Subjects were advised to refrain from any strenuous physical activity during the study period. The food diary and session log sheet were used to ensure subjects followed the same routine on day 1 for the next session. A standardized dinner was also provided on day 1. On day 2, participants stayed in the whole body calorimetre (WBC) room from 0800 to 1800 (10 hr) where they were asked to lie in a supine position on the bed for the first 45 min to measure their basal metabolic rate (BMR). Participants were then given either a low glycaemic index (LGI) or high glycaemic index (HGI) breakfast, lunch and snack to consume. Postprandial diet-induced thermogenesis (DIT) was measured for breakfast and lunch for 120 min followed by 100 min postprandial DIT for snack. Thereafter, an LGI or an HGI dinner was provided. Participants were free to study, surf the net, watch television, listen to radio, use the telephone or lie on the bed. However, they were not allowed to sleep during their time in the WBC. They were also encouraged to keep to one activity after consuming the meal and to minimize movement. A schematic study flow is presented as shown in Fig. 1 .
Test meals
A standardized dinner was provided on day 1 consisting of a ready-to-eat teriyaki chicken with rice, one drink and one mangoflavoured jelly pudding. The entire meal reflected a typical local ricebased meal accompanied with a drink and dessert (energy: 879 kcal; protein: 44.3 g; fat: 18.3 g; carbohydrate:132.7 g).
The high and low GI test meals provided were as follows: All meals were served with a cup of chamomile tea (300 mL). The energy values, macronutrient composition and available carbohydrates of the test meals are provided in Table 2 . The GI of individual foods was obtained using GI values from recognized tables [4] and from manufacturers' information. The meal GI was calcu- lated using the mixed meal formula [22] . Subjects were requested to consume both breakfast and snack within 15 min and lunch within 20 min.
Glucose measurement iPro™2 continuous glucose monitoring (CGM) system
The iPro™2 continuous glucose monitoring (CGM) system (iPro™2 Professional CGM-Medtronic MiniMed, Northbridge, CA, USA) was used in this study. The insertion was performed on day 1 at 1400 h and the sensor was removed on day 3 of the study at 1000 h. Data were collated and processed using an online software (Medtronic Diabetes CareLink iPro; https://carelink.minimed.eu). The data reported in this paper represent interstitial glucose readings recorded every 5 minutes for up to 42 hours. At each test session, the CGMS sensor was calibrated against finger-stick blood glucose measurements four times a day before every meal and before sleeping using the OneTouch Ultra ® 2 blood glucose metre (LifeScan, Inc., Milpitas, CA, USA).
Energy expenditure and substrate oxidation assessment Whole body calorimetry (WBC)
The WBC was a 13.5 m 3 room furnished with a single-bed, a foldable chair, a bureau with built-in sink, deep-freeze toilet (Special Products, Mulder), a colour television, an alarm clock, a radio, a telephone, a laptop, WIFI connection and an automated intercom for communication between the researcher and the participant. In addition, the WBC was built to mimic a normal room with two windows for visual contact between the researcher and participant. Respiratory quotient (RQ), resting energy expenditure (REE) and substrate oxidation were measured on day 2 in the WBC. The used WBC was a modification on the system described by Schoffelen et al. [23] .
Substrate oxidation
Substrate oxidation was calculated from urinary nitrogen excretion, oxygen consumption and carbon dioxide production [24] . Urine samples were collected in the WBC over 10 h in a 3 litre 24-hr urine collection container (Urisafe ® , Canada). The total volume of urine over 10 h was measured and a randomized urine sample was stored for nitrogen analysis. Nitrogen content (%) was mea- Figure 1 . Study protocol. From evening of day 1, subjects consumed a standardized dinner. Overnight fast from 2200 h to 0600 h. For day 2, subjects entered the calorimetre in a fasted state at 0800 h and underwent a basal metabolism test (BMR). Breakfast, lunch and snack test meals were provided in the calorimetre. Subjects remained sedentary during the 10 hours in the calorimetre. Test dinner provided after leaving calorimetre. The CGMS was removed on day 3. sured using the copper catalyst Kjeldahl method (AOAC Official Method 984.13). Protein oxidation (g/min) was calculated by multiplying 10 h urinary nitrogen (g) by 6.25 and converted to per minute values. CHO oxidation and fat oxidation were calculated by using the following equations based on the volumes of O2 consumed and CO2 produced in oxidation of glucose, fat and protein as published by Frayn [25] 
Statistical analysis
All statistical analyses were performed using Statistical Package for the Social Sciences version 16 (SPSS Inc.). Data and figures were processed in a Microsoft Excel spreadsheet (Microsoft Corporation). Values were presented as mean ± SD unless otherwise stated. Prior to statistical analysis, the normality of the data was assured using the Shapiro-Wilk test.
The primary outcome of this study was to determine how the inclusion of LGI and HGI diets (breakfast, lunch, snack and dinner) impacts on 24 hour blood glucose fluctuations and energy regulation. The GR was calculated by first using the first two hour average of CGM interstitial glucose readings under the fasting state as baseline value. To determine the daily baseline value for each subject, the average of each day's 2 hours of CGM readings under the fasted state, before the breakfast meal, was taken. The average baseline value was then used to convert every 5 min reading of 22 subsequent hours of CGMS interstitial glucose data as the 'change in glucose'. The other primary outcome measure was the total glucose response expressed as the incremental area under the curve (i.e. the GR iAUC) calculated using the trapezoidal rule [26, 27] . The 'change in glucose' values was important for further analyses such as the GR iAUC calculations, CGMS glucose curve construction and statistics. The secondary outcome measures were the total daily AUC and the glycaemic variability. Several indicators have been developed and used to ascertain glycaemic variability [28] and the risk of developing hypo-or hyperglycaemia [29] . The MAGE was used as an indicator in the present study to assess glucose fluctuations during the day [30] . MAGE was calculated using EasyGV software (available free at http://www.easygv.co.uk), with this software being extensively reviewed [31] . Substrate oxidation was calculated from respiratory quotient (RQ) and urine nitrogen excretion resulting in non-protein RQ (npRQ) and oxidation rate of carbohydrates, fat and protein. Baseline npRQ was calculated from the REE measurement under the fasting state. Subsequently, npRQ values during each meal were used to calculate the postprandial changes. Paired t-test was performed to test the differences in the GR and substrate oxidation between LGI and HGI treatments over 24 hours and during the period in the calorimetre. These comparisons were also performed for the GR iAUC, total daily AUC and the MAGE. Alpha (α) was set at 0.05 for statistical analyses.
Results

Baseline characteristics of subjects
The baseline characteristics of the subjects are given in Table 1 . The anthropometric data were within normal ranges for this population. Twelve out of fifteen study participants completed the study, with complete data for both the LGI and HGI diets. The food diary records for breakfast, lunch and standardized dinner were analysed for subjects' dietary intake on day 1. There were no significant difference in dietary intake on day 1 between the two sessions, for total energy, carbohydrate, fat and protein (kcal) prior to testing on day 2 (P > 0.05). This was to ensure that dietary intake prior to testing did not bias the results.
Continuous glucose monitoring interstitial glucose data
The glycaemic profiles for the LGI and HGI diets are graphically presented in Fig. 2 . The calculated GR, GR iAUC and MAGE results are presented in Table 3 . Generally the HGI intervention produced a sustained higher GR throughout the day (Fig. 2) .
In the LGI intervention, the incremental change in GR following breakfast and lunch was significantly lower (P < 0.001 and 0.017 respectively) compared to the HGI intervention. The incremental change in GR following the snack, dinner and overnight were not significant (P = 0.05). Although the snack, dinner and overnight glucose concentrations were not significantly different between the LGI and HGI treatments, there was a trend towards a lower GR than the latter. All the LGI meals (breakfast, lunch, snack and dinner) produced a significantly lower GR iAUC than the HGI meals (P < 0.05). The overnight GR iAUC failed to reach significance (P = 0.766). The daily total AUC was not significantly different for the HGI compared to the LGI intervention over the 24 h period (P = 0.059). The total AUC while in the calorimetre (10 hours) was shown to be significantly higher for the HGI treatment than the LGI treatment (P = 0.008). The glycaemic variability over the 24 hour period (MAGE) was assessed. The HGI treatment produced a significantly greater MAGE than the LGI treatment over the 24 hour period (P < 0.001).
Energy metabolism and substrate oxidation
There was no difference in energy expenditure over 10 hours in the whole body calorimetre between the two dietary conditions, LGI = 769 kcal and HGI = 776 kcal (P = 0.53). There was a significant correlation observed between energy expenditure during LGI and HGI (R 2 = 0.83, P < 0.0001). Fig. 3 shows the change in non-protein respiratory quotient (npRQ) values in the two dietary conditions over the 10 hours in the whole body calorimetre. The change in npRQ is expressed as the incremental RQ value with respect to the baseline value. There were no significant differences in npRQ between the two dietary conditions at baseline, during breakfast, during lunch and during snack. After breakfast and lunch, incremental npRQ was lower for LGI compared to HGI (P < 0.0001). This is reflected by increased carbohydrate (CHO) oxidation in grams per 5 minutes in HGI compared to LGI (P < 0.0001), and a smaller postprandial decrease in fat oxidation in grams per 5 minutes seen in LGI compared to HGI (P < 0.0001). There are no differences in npRQ, CHO or fat oxidation after the snack between the two conditions (Table 4) . Table 5 shows the grams of oxidized macronutrients for LGI and HGI for breakfast, lunch, snack and all three meals combined. The combined meals showed lower CHO oxidation during LGI compared to HGI (P < 0.01). For the three meals combined, there was no significant difference in fat oxidation in LGI compared to HGI (P < 0.01). However, higher fat oxidation and lower carbohydrate oxidation were seen for breakfast and lunch separately after LGI compared to HGI (P < 0.05).
Discussion
The present study investigated the effects of low and high GI meals on glucose profile and substrate metabolism when the subjects were confined to the WBC throughout the postprandial periods. Predictably, lower glycaemic response was observed when LGI meals were consumed over a day compared to consuming HGI meals for the same time period. Significantly, lower carbohydrate oxidation and higher fat oxidation were observed with the LGI intervention compared to HGI during the 10 hours in the whole body calorimetre. This is in support of the relationship between glycaemic index and substrate oxidation hypotheses which suggests that high GI meals will increase serum insulin and consequently lead to lower fat oxidation [8, 12] .
Previous studies have shown that ingesting LGI foods, compared to HGI foods, resulted in lower and more stable glucose levels [5, 22, 32] . Low GI foods produce a lower glycaemic response due to a slower rate of appearance of glucose in the systemic circulation. These findings are supported by our results which showed lower GR after LGI meals compared to HGI meals. Our study also showed that the glucose excursion after a meal was more prominent after breakfast than after lunch or dinner as insulin sensitivity is higher in the morning than in the afternoon [33] . This finding has also been reported previously in a study with healthy Chinese subjects using the CGM [34] . The MAGE was applied to assess glucose fluctuations, showing higher glycaemic variability over the entire 24 h compared to the LGI treatment. Glycaemic variability is of significant clinical concern due to its negative effects on oxidative stress [35] and insulin regulatory mechanisms. The daily total AUC for blood glucose was lower for the LGI intervention compared to the HGI intervention, although this did not reach a significant difference (P = 0.09). This could be explained by the hypoglycaemia during the night after the HGI intervention in contrast to the LGI intervention where the blood glucose was better maintained after a day with low GI meals [22] . Between 2 and 4 hours after an HGI meal, nutrient absorption from the gastrointestinal tract declines but the biological effects of the high insulin and low glucagon levels persist, causing blood glucose concentration to fall rapidly, often into the hypoglycaemic range [8] . The physiological significance of this hypoglycaemia is caused by a greater fall in glucose oxidation rate after consumption of a high compared to low GI carbohydrate [36] .
In addition to lowered postprandial blood glucose after LGI meals, the simultaneous measurement of substrate oxidation showed higher fat oxidation and lower carbohydrate oxidation following the ingestion of the LGI breakfast and lunch. This resulted in more grams of fat and less grams of carbohydrates oxidized after the LGI breakfast and lunch compared to HGI. This is in line with existing data of studies that showed a significant shift in substrate utilization from carbohydrate to fat when an LGI meal was ingested before exercise compared to HGI [16, 17] . After LGI meals, there was higher protein oxidation compared to HGI which could be explained by the higher protein content of the LGI diet (14.9% vs 11.8%).
Stevenson and colleagues have shown that meals composed of low GI carbohydrates were able to reduce postprandial plasma glucose and increase fat oxidation during subsequent exercise [37] . In our study, we have shown that even in a sedentary state, after the consumption of a low GI mixed meal, blood glucose response was lower and stable, while simultaneously increasing fat oxidation. This is in agreement with previous studies that showed lower blood glucose and increased fat oxidation when LGI or HGI carbohydrates were used [36, 38] . However, some groups found that the GI of mixed meals was unable to modify fuel partitioning in sedentary obese women [39, 40] . Diaz and colleagues concluded that the lack of effect of serum insulin response on fat oxidation may be due to the short-time period in which serum insulin concentration was maintained at a quantitatively higher level when comparing HGI to LGI meals [39] . The main differences between these studies and our study were the use of obese subjects who are less susceptible to fat oxidation, and these subjects were overfed with a high carbohydrate load irrespective of whether the meals were LGI or HGI. LGI, low glycaemic index; HGI, high glycaemic index; npRQ, no-protein respiratory quotient; CHO, carbohydrate. LGI, low glycaemic index; HGI: high glycaemic index.
Several authors have consistently reported reduced fat deposition when fed with an LGI diet [8, 9, 32, 41] . The mechanistic explanation for this observation has eluded many researchers. We now report a possible mechanism for this observation. The concomitant measurement of blood glucose and RQ enables us to quantitate both glucose flux and fat tissue accretion. Our results demonstrate that the mechanism of reduced fat deposition when fed LGI is driven by increased fat oxidation. In contrast, it has been shown before that higher increase in insulin and inhibition of glucagon shortly after an HGI meal result in a notably higher insulin:glucagon ratio compared to LGI. This promotes the uptake of carbohydrates and fat by the liver and the muscles after HGI meals. This is supported by our results indicating lower fat oxidation after HGI meals. Over the breakfast and lunch periods, increased fat oxidation was 4 grams, equivalent to 36 kcal which when extrapolated to over 30 days leads to 120 grams (1080 kcal). The observation that even in a sedentary state, the consumption of LGI meals not only lowers blood glucose but also enhances fat oxidation is a key finding. This provides convincing evidence that even in the sedentary state, an LGI diet may play a key role in body weight regulation and weight maintenance.
A minor limitation of our study was that there were no serum insulin measurements which could further enhance the link between glycaemic response and fuel utilization. An additional limitation was that protein oxidation could not be measured in a timespecific way. It was therefore necessary to estimate the 24 hour protein oxidation based on the 10 hour cycle in the WBC. The rate of protein oxidation was assumed to be constant during the time in the WBC [42] . Another limitation was the inclusion of only male subjects which might bias the results to the sex of individuals. Despite these limitations, our study for the first time demonstrates how subjects fed with a low glycaemic index diet can benefit from increased fat oxidation mediated via a lowering of blood glucose.
Conclusions
The uniqueness of our study was the simultaneous measurement of blood glucose and respiratory quotient using a whole body calorimetre, when subjects were fed with low or high GI meals. This provided us with a unique dataset on glycaemic response in relation to fuel oxidation in normal weight Asians. This study demonstrates that low GI mixed meals are able to modulate glycaemic response while promoting fat oxidation over carbohydrate oxidation when compared to high GI meals. While the link between blood glucose levels and fat oxidation has been demonstrated in this study, further research is necessary to quantitate how insulin and other hormones may influence tissue oxidation in humans. The consistent observation that Asians living on a high glycaemic, high carbohydrate diet is susceptible to weight gain and obesity needs some explanation. It is likely that the nature of obesity and adipose tissue accretion seen in Asians may be triggered by the consumption of HGI diets and suggests that not only a high fat diet is a driver of obesity. Our observations provide substantial public health support for the encouragement of consuming LGI meals in Asians. Thus far, the role of low GI meals has focussed attention on its impact of glycaemia. Now, our study shows that it may also have an important impact on fat oxidation in Asians.
